Introduction
The van der Pauw method was developed to determine the properties of thin semiconductors [1, 2] . This method is currently used to evaluate the conductivity of thin layers deposited on different substrates [3] [4] [5] [6] or thin electroconductive materials [7] [8] [9] [10] . The van der Pauw method can be applied to small samples contrary to the four electrode method [11] where electrodes are located collinearly on the tested material surface. The surface resistance can be determined using the van der Pauw equation [1] provided that the electroconductive sample has the structure typical for that used by van der Pauw. An evaluation of the fibrous structure from this point of view is difficult and requires a detailed analysis of its structure. The complexity of a textile sample, for example woven fabric, shows the number of different parameters describing the structure [12, 13] . In order to verify whether the conditions described in the van der Pauw method are represented in the woven fabric structure, a special criterion was developed [7] . The criterion is useful in selecting appropriate fabric sample for testing.
The van der Pauw method requires that the point contacts used for the resistance measurements be placed at the edges of the sample. The effect of electrode placement on resistance measurement was investigated [8, 10, 14] . In the case of the woven fabrics, the contacts should not be too close to the boundaries of the sample because errors can be introduced [3, 15] . In this paper, a solution for the problem is proposed. Knowing how the resistance of the sample varies with the electrodes distance from the edges, the sample surface resistance can be calculated in cases when the electrodes placement is consistent with the van der Pauw notion. B) The measure of the structure compactness:
where A wa is the spacing of the warp yarns, A we is the spacing of the weft yarns, d wa is the diameter of warp yarns and d we is the diameter of weft yarns.
C) The measure of the structure homogeneity:
where R wa and R we are the warp and weft repeats, respectively, and S is the surface of the tested sample.
D) The measure of the sample isotropy:
where Ra 1 , Ra 2 , …, Ra n are resistances measured in the selected n directions using four electrodes located collinearly on the sample [11] .
Analysis of the fabrics structure was conducted based on microscopic images of the samples taken with Olympus microscope. The images were captured at 7.5´ magnification ( Figure 1 ).
The designated parameters are juxtaposed in Table 2 .
fabrics. The direction of cut lines was perpendicular to warp and weft yarns.
The structure of the selected fabrics was analysed in detail. It was examined if the fabrics possess characteristics typical for the van der Pauw structure [1] . A special criterion was developed by Tokarska [7] based on [11, 12, 16] to assess the following characteristics:
• geometry of the sample (A), • compactness of the structure (B), • homogeneity of the structure (C), • isotropy of the sample (D).
Accordingly, the measures given below were used.
A) The measures of the sample geometry:
where h is the sample thickness;
where h av is the average sample thickness, s h is the standard deviation and V h is the coefficient of variation of the sample thickness;
where L is the peripheral length of the sample. 
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All the received results are summarised in Table 4 .
It was finally confirmed that the selected electroconductive woven fabrics had all the characteristics typical for a van der Pauw structure.
Methods
The van der Pauw method was used for the determination of surface resistance of the woven fabrics. The technique requires four contacts as small as possible placed on the sample edges. Cylindrical brass silver-plated electrodes of the contact diameter equal to 2 mm were used. The electrodes have a comparatively small contact area with the sample relative to the sample surface. The contact area of the electrode was selected so that it covers the repeat of the tested fabric. It is very important to ensure that all yarns are contacted during measurements.
A surface resistance R s of the sample having a structure typical for that used by van der Pauw can be determined from equation [1] :
where R v is the vertical resistance and R h is the horizontal resistance.
The surface resistance is expressed in Ω/□ (Ω per square). The resistance is numerically equal to the resistance of a square piece of the sample. The designated parameters, A wa and A we , allowed calculating the number of warp yarns, N wa , and the number of weft yarns, N we , per 1 cm [12] . The received results are summarised in Table 2 .
The characteristics typical for a van der Pauw structure have been determined by the implemented measures, i.e.: h calculated from formula (1), Vh from (2), G from (3), C from (4) and H from (5). In order to determine Iz from the formula, four electrodes located collinearly on the sample were used [11] . The cylindrical brass silver-plated electrodes of the contact diameter equal to 2 mm were used. The electrodes placement on the fabric sample is presented in Figure 2 .
The method can be applied when the ratio a/D is greater than 2, where a is the distance from the edge of the sample and D is the distance between electrodes [17] , which is shown in Figure 2 .
The resistances Ra 1 , Ra 2 , Ra 3 and Ra 4 were measured in the selected n = 4 directions ( Figure 2 ) by injecting current on two 
where l is the electrode distance from the sample edge.
In the presented studies, the following distances are taken into consideration:
BB resulting from the electrode placement (Figure 3 ). Assuming l = 0, in formulae (10) and (11), it is possible to obtain values of the horizontal and vertical resistances respectively in the case when the electrodes are placed at the sample edges. Then, the sample surface resistance can be calculated.
Results and discussion
The samples were stored for 24 h in the standard atmosphere conditions (20°C and 65% RH) [19] . The measurements were performed in the same conditions. A DC power supply Agilent E3644A was used as an ammeter. The resolution of the ammeter was 0.001 A. A multimeter Agilent 34410A was used as a voltmeter. The resolution of the voltmeter was 0.001 mV. A current I of an intensity of 0.040 A was applied. The voltage drop V was recorded after 60 s. The resistance value was calculated from the Ohm's law. The measurements were repeated three times. The vertical and horizontal resistances were calculated according to the formulae (8) and (9) . The received results and the uncertainty budget determined in accordance with the Guide [20] are summarised in Table 5 .
In order to improve the accuracy of the vertical and horizontal resistance values, determination of eight resistances is recommended [18] . The average vertical resistance is then calculated from the formula:
The average horizontal resistance is then calculated from the formula:
It has been observed that electrodes should not be too close to the edge of the sample that the error will not be introduced [3, 15] . To avoid this, additional measurements need to be performed. A table with four holes drilled was prepared allowing the electrodes to fall freely under their weight onto the textile material [15] . This table allowed electrodes to be arranged in the shape of a square with side of 20 mm, 40 mm and 60 mm (Figure 3) . The following resistances can be determined: Figure 4 .
Assuming l = 0.00 mm in obtained relationships (13)- (16), the vertical R v and horizontal R h resistances values were calculated corresponding to a situation in which the electrodes are placed at the edge of the sample. Next, the surface resistances R s of the woven fabric samples possessing characteristics typical for the van der Pauw structure were received. The results are juxtaposed in Table 6 .
Uncertainty analysis of surface resistance measurements were conducted according to the procedure developed by Tokarska [7] based on the Monte Carlo method [23] . The estimate of the surface resistance, the standard uncertainty associated with the estimate and the probabilistically symmetric 95% coverage interval defi ned by the quantiles 0.025 and 0.975 are summarised in Table 7 .
Type A uncertainty, u A (V), was received for 132 degrees of freedom. Calculating the Type B standard uncertainties, u B (I) and u B (V), the rectangular distribution of mezurand values was assumed. The partial derivatives ∂R/∂I and ∂R/∂V are the sensitivity coeffi cients. The expanded uncertainty U was obtained taking a coverage factor equal to k p = 2.
An analysis of impact of electrodes placement on the resistance measurements was conducted with the use of the KruskalWallis rank sum test [21] . The test is used to verify the hypothesis that k independent samples (in the presented research k = 3) come from the same population. It was found that the manner of the electrodes placement on the samples' surface signifi cantly infl uences the samples' resistance measurement results at a signifi cance level of 0.05. The received results indicate that the relationships (10) and (11) are possible to fi nd. For this purpose, non-linear regression analysis was used [22] . The following general form of the regression function was assumed:
where l is the electrode distance (expressed in mm) from the sample edge and b 0 (expressed in Ω), b 1 (expressed in Ω/mm) and b 2 (expressed in Ω/mm 2 ) are the polynomial coeffi cients.
The following functions were received for sample S1:
The following functions were received for sample S2:
The coeffi cients of the functions (13)- (16) are signifi cant and the functions are adequate at a signifi cance level equal to 
Conclusions
Results of the study show that the van der Pauw method can be used for the determination of the surface resistance property associated with the surface of the woven fabric sample. However, the electroconductive textile sample should have a structure typical to that used by van der Pauw.
The conducted analysis shows that the electrodes placement on the sample surface influences the resistance measurements.
Moving the electrodes towards the centre of the sample decreases the resistance. This is due to the fact that the current flow in the fibrous structure is inhomogeneous. Therefore, determination of the vertical and horizontal resistance values requires the identification of additional eight resistances. The electrodes should not be too close to the edge of the sample that the error will not be introduced. That is why the effect of the electrode placement on the sample resistance is analysed. Knowing how the resistance of the sample varies with the electrodes distance from the edge, the vertical and horizontal resistances can be calculated in cases when the electrodes placement is consistent with the van der Pauw notion. After determining values of the resistances, the sample surface resistance is calculated.
The surface resistance of the sample S1 was received and it is 0.0671 Ω/□. The standard uncertainty associated with the resistance estimate is 0.0012 Ω/□ and the 95% coverage interval is [0.0650, 0.0693] Ω/□. Surface resistance of the sample S2 was received and it is 0.1117 Ω/□. The standard uncertainty associated with the resistance estimate is 0.0018 Ω/□ and the 95% coverage interval is [0.1082, 0.1152] Ω/□.
